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Introduction
The harsh microenvironment within the degenerated intervertebral disc (IVD), as characterised by reduced oxygen 1 , reduced glucose 2, 3 and matrix acidity 4 , may limit the success of stem cell-based regeneration of the IVD. Previously, we have reported that for bone marrow stem cells (BMSCs), 5mM glucose and 5% oxygen increased the accumulation of sulphated-glycosaminoglycans (sGAG) and collagen, two important constituents of native nucleus pulposus (NP) tissue, suggesting that IVD-like low glucose and low oxygen is favourable for the biological behaviour of BMSCs 5 . Although this disc environment favours differentiation towards NP-like cells, matrix acidity may hinder survival and matrix synthesis capacity. The pH in a healthy disc ranges from 7.0 to 7.2 6 and is lower than that of blood (pH 7.4) 7 with the pH in a mildly degenerated disc ranging from 6.7 to 6.9. Importantly, matrix acidity increases further with pH 6.5 being most representative of severely degenerated discs 4 .
Matrix acidity has previously been determined to be a crucial factor in stem cell behaviour; an acidic environment decreases proliferation and viability, alters cellular morphology and inhibits anabolic gene expression 8, 9 . However, the response of stem cells to varying pH environments remains largely unknown in 3D hydrogels and especially in combination with altered oxygen; numerous studies have investigated the effect of 20% oxygen only 8, 10 . Here, we investigate the effect of low (5%) oxygen also which more closely mimics the native disc microenvironment. Taking this into consideration, the overall objective of this study was to investigate the effect of varying pH to simulate typical in vivo environments (pH 7.4: blood, pH 7.1: healthy IVD, pH 6.8: mildly degenerated IVD and pH 6.5: severely degenerated IVD) on the capacity of BMSCs to synthesize NP-like matrix under 20% oxygen (20% O2) and 5% oxygen (5% O2) in 3D hydrogels. Importantly, promoting tissue repair with stem cells typically requires the use of high levels of growth factor proteins, a task that makes transplantation of stem cells challenging from a regulatory perspective.
Hence, the secondary objective of this study was to investigate the effect of varying doses of TGF-β3 (0, 0.1, 1, 10 ng/ml) on the capacity of BMSCs to synthesize NP-like matrix for those maintained under mildly degenerated pH conditions of 6.8.
Materials and Methods

pH stabilisation and study design
Media with four different pH values were prepared by adding an appropriate amount of hydrochloric acid (HCl) to supplemented low-glucose Dulbecco's modified eagles media (LG-DMEM, 1mg/ml D-Glucose). Briefly, 12 μL/mL of 1M, 2M or 3M HCl was added to supplemented LG-DMEM to ultimately obtain pH 7.1, 6.8 and 6.5 respectively. The pHadjusted media together with standard supplemented LG-DMEM (control, pH 7.4) was incubated for 18 hours in a humidified incubator (5% CO2) to allow buffer equilibrium (CO2-dependent). The desired pH values were obtained after equilibration and were maintained for up to 72 hours, observed both colorimetrically and quantitatively (data not shown).
BMSC isolation and culture
Porcine BMSCs were isolated from the femora of 4-month-old porcine donors (~50kg) within 2 hours of sacrifice and plated at 10×10 6 cells in T-75cm 2 flasks to allow for colony formation. Cultures were maintained in LG DMEM supplemented with 10% foetal bovine serum (FBS), penicillin (100 U/mL)-streptomycin (100 µg/mL) (all GIBCO, Invitrogen, Dublin, Ireland) and amphotericin B (0.25µg/mL, Sigma-Aldrich, Arklow, Ireland). After P0, cells were re-plated at 5×10 3 cells/cm 2 and expanded to passage two (P2) in a humidified atmosphere at 37°C and 5% CO2.
2D culture under varying pH conditions
Expanded BMSCs were trypsinised, counted using trypan blue staining and seeded onto T25
flasks at a density of 1x10 4 cells/cm 2 . Cells were maintained in pH (6.5, 6.8, 7.1, 7.4) adjusted chemically defined medium (CDM) consisting of LG-DMEM supplemented with penicillin (100 U/mL)-streptomycin (100 µg/mL), (both from GIBCO, Invitrogen, Dublin, Ireland), 0.25 µg/mL amphotericin B, 40 µg/mL L-proline, 1.5 mg/mL bovine serum albumin, 4.7 µg/mL linoleic acid, 1× insulin-transferrin-selenium, 50 µg/mL L-ascorbic acid-2-phosphate and 100 nM dexamethasone in hypoxic (5% O2) and normoxic oxygen (20% O2) environments for 7 days. Each flask was maintained in 3mL of CDM with one complete media change performed three days after seeding. Cell proliferation was assessed at day 0 and 7 in terms of DNA content and morphology (crystal violet staining).
Alginate hydrogel encapsulation and culture under varying pH conditions and varying doses of TGF-β3
Expanded BMSCs were trypsinised, counted using trypan blue staining and encapsulated in 1.5% alginate (Pronova UP LVG; FMC NovaMatrix, Sandvika, Norway) at a density of 4x10 6 cells/mL. The alginate/cell suspension was passed through a 12G needle and crosslinked in 102mM calcium chloride (CaCl2) for 20 minutes to produce beads (Ø 5mm).
Beads were maintained in pH (6.5, 6.8, 7.1, 7.4) adjusted chemically defined medium (CDM) consisting of LG-DMEM supplemented with penicillin (100 U/mL)-streptomycin (100 µg/mL), (both from GIBCO, Invitrogen, Dublin, Ireland), 0.25 µg/mL amphotericin B, 40 µg/mL L-proline, 1.5 mg/mL bovine serum albumin, 4.7 µg/mL linoleic acid, 1× insulintransferrin-selenium, 50 µg/mL L-ascorbic acid-2-phosphate, 100 nM dexamethasone and TGF-β3 (10ng/ml) (all Sigma-Aldrich, Arklow, Ireland) in hypoxic (5% O2) and normoxic (20% O2) oxygen environments for 21 days. In parallel, for beads maintained in mildly degenerated IVD-like pH medium (6.8) conditions, varying doses of TGF-β3 supplementation were investigated; 0 ng/mL, 0.1 ng/mL, 1 ng/mL or 10 ng/mL TGF-β3 (PeproTech, UK). Beads were cultured in 24-well plates with one bead per well. Each bead was maintained in 2mL of supplemented CDM with complete media changes performed twice weekly for the total culture duration of 21 days. Beads were assessed at days 0 and 21 in terms of cell viability, biochemical content and histologically.
Assessment of Cell viability
Cell viability was assessed using a LIVE/DEAD® Viability/Cytotoxicity Assay Kit (Invitrogen, Bio-science, Ireland). Briefly, constructs were incubated in live/dead solution containing 2μM calcein AM (intact cell membrane) and 4μM ethidium homodimer-1 (disrupted cell membrane; both from Cambridge Bioscience, Cambridge, UK). Sections were imaged with an Olympus FV-1000 Point-Scanning Confocal Microscope at 515 and 615 nm channels and analysed using FV10-ASW 2.0 Viewer software.
Quantitative biochemical analysis
Samples were digested with 3.88 U/mL papain in 0.1 M sodium acetate, 5 mM L-cysteine HCl and 0.05 M EDTA (pH 6.0) (all from Sigma-Aldrich) at 60°C under constant rotation for 18 hours followed by the addition of 1M sodium citrate solution for 1hr under same the conditions. DNA content was determined using the Hoescht 33258 dye-based assay (DNA QF Kit,Sigma-Aldrich, Ireland). Proteoglycan content was quantified using the dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd., Northern Ireland), with a chondroitin sulphate standard. Total collagen content was determined by measuring the hydroxyproline content. Samples were hydrolysed at 110°C for 18 hours in 12M HCl and assayed using a chloramine-T assay 11 with a hydroxyproline:collagen ratio of 1:7.69 12 .
Histology and immunohistochemistry
At each time point samples were fixed in 4% paraformaldehyde overnight, dehydrated in a graded series of ethanols, embedded in paraffin wax, sectioned at 8μm and affixed to microscope slides. Sections were stained with aldehyde fuschin/alcian blue to assess sGAG content and picro-sirius red to assess collagen distribution (all Sigma-Aldrich). Collagen I and II were evaluated using a standard immunohistochemical technique 5, 13 .
Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 5) software with 3-4 samples analysed for each experimental group. Two-way ANOVA was used for analysis of variance with Bonferroni's post-tests to compare between groups. Graphical results are displayed as mean ± standard deviation. Significance was accepted at a level of p < 0.05. The entire experiment was replicated with cells from the second donor, which confirmed the findings presented in this manuscript.
Results
2D proliferation study results demonstrate that for pH 6.5 at Day 7, DNA content decreased from Day 0 levels for both oxygen concentrations ( Supplementary Fig. 1A) . Results from DNA analysis were confirmed by crystal violet staining ( Supplementary Fig. 1B) ; a decreased number of adherent cells were observed under pH 6.5. For all other pH values, the DNA content remained at Day 0 levels by Day 7 with the exception of pH 7.4 under normoxic conditions ( Supplementary Fig. 1A ).
For both oxygen concentrations, constructs decreased in DNA content from day 0 levels for pH 6.5 (Fig. 1A) . Results from DNA analysis were confirmed through confocal imaging of live/dead cells (Fig. 1B) ; an increased number of dead cells (red) were observed in pH 6.5. For pH 6.8, constructs in 20% oxygen illustrated an increase in DNA content compared with 5% oxygen. However, for constructs in pH 7.4, the opposite was observed with increased DNA content in 5% oxygen compared to 20% oxygen (Fig. 1A) . With regards to live/dead imaging, cell viability was maintained in both oxygen concentrations for pH 6.8,
and 7.4 (Fig. 1B).
Total sGAG content was significantly higher in 5% oxygen compared with 20% oxygen for pH 7.1 and 7.4. In addition to these differences, there was an observed increase in sGAG content in 5% oxygen compared to 20% oxygen for pH 6.8 when sGAG was normalized to DNA ( Fig. 2A) . For pH 6.5, there was little to no sGAG accumulation regardless of external oxygen concentration. Interestingly, the differences observed between the different pH values were only evident for those maintained in 5% oxygen with increased sGAG content observed in pH 7.1, representative of healthy IVD-like pH conditions. These differences were not apparent for constructs maintained in 20% oxygen. Histological evaluation confirmed the biochemical findings demonstrating greater sGAG deposition in 5%
oxygen compared with 20% oxygen (Fig. 2B) With regards to collagen content, there was little to no collagen content observed at pH 6.5 (Fig. 2C ). For pH 6.8, 20% oxygen displayed significantly greater total collagen content compared with 5% oxygen. However, when normalized to DNA, this difference was not apparent. This may be explained by the differences in DNA content between 20% and 5% oxygen whereby DNA content in 20% oxygen conditions was higher at pH 6.8. For pH 7.1, the increased collagen content in 5% oxygen compared to 20% oxygen is maintained when collagen is normalised to DNA. Histological evaluation confirmed biochemical analysis findings, demonstrating no collagen deposition in pH 6.5 regardless of oxygen concentration and increased collagen deposition in constructs for pH 6.8 or higher (Fig. 2D ).
For pH 6.5, immunohistochemistry results revealed limited collagen I and II accumulation regardless of oxygen concentration (Fig. 3 ). For pH 6.8 or higher, results demonstrated increased collagen II deposition in 5% oxygen and increased collagen I deposition in 20% oxygen. With regards to collagen II, there were no apparent differences in the amount of collagen accumulation in 20% oxygen, although for 5% oxygen there appears to be more collagen II deposited at pH 7.1 within the core. With regards to collagen I, there were no apparent differences in the amount of collagen accumulation in 5% oxygen, although for 20% oxygen there appeared to be more collagen I deposition at pH 6.8.
Constructs maintained in media without TGF-β3 resulted in negligible accumulation of matrix (sGAG and collagen) irrespective of oxygen concentration (Fig. 4) . sGAG content increased significantly with TGF-β3 from 0.1ng/ml to 10ng/ml (P<0.05) (Fig 4A) .
Histological evaluation confirmed biochemical findings with negligible deposition of sGAG in the absence of TGF-β3 and increased deposition with increasing concentration of TGF-β3.
With regards to collagen content, this dosage effect diminished for those maintained in 20% oxygen with similar collagen content observed in 0.1ng/ml TGF-β3 or higher. However, for those maintained in 5% oxygen, the dose effect was present although less pronounced than that for sGAG content with increased collagen content concomitant with increased TGF-β3 from 0.1ng/ml to 10ng/ml with a significant increase from 0.1ng/ml to 1ng/ml (P<0.05) ( Fig   4B) .
Discussion
To identify the optimal timing for intervention that will offer the greatest regenerative potential, the effect of decreasing pH on BMSC activity was investigated correlating with the degenerative stage of the IVD. The pH values were chosen to simulate values in blood vessels surrounding the IVD (7.4) and values reported to exist within the nucleus pulposus region of a healthy IVD (7.1), a mildly degenerated IVD (6.8) and a severely degenerated IVD (6.5).
In cell-based interventions, the ability of cells to survive and synthesize disc-like matrix in vivo after transplantation into the central NP region is crucial. In this regard, the stage of degeneration is critical where the results from this study suggest the limited regenerative potential of BMSCs below pH 6.8. At or above this threshold, we demonstrate that BMSCs exhibit sustained cell viability with increased sGAG and collagen accumulation.
Below this threshold, at pH 6.5, cell survival was diminished concomitant with decreased DNA content in both 2D and 3D culture. Interestingly, for pH 7.4 an observed contrasting result was found between both 2D and 3D culture conditions with increased proliferation in normoxia compared to hypoxia for 2D and the opposite for 3D culture. It has previously been reported that hypoxia decreases cell proliferation in 2D culture for adipose derived stem cells 14 . In 3D culture, encapsulated cells respond to proliferative signals through interactions mediated by the surrounding matrix 15 . This may in part explain the observed results of increased proliferation ( Figure 1A ) in 3D culture due to the concomitant increase in matrix production under hypoxic conditions (Figure 2A) . Importantly, pH 6.5 was found to be detrimental to matrix synthesis. This correlates with a study by Bibby et al, who found a decrease in NP cell viability when decreasing the pH to 6.7 and a more obvious decrease for pH 6. Although we previously demonstrated that BMSCs can survive and synthesise NPlike matrix in IVD-like low oxygen (5%) and low glucose (5mM) 5 , we show in this study that pH is a critical factor in limiting the use of BMSCs in disc repair with pH levels as low as 6.5 being reported in a severely degenerated disc 6, 16 . This correlates with a study by In addition to simulating IVD-like low glucose conditions, we also explored the influence of both 20% and 5% oxygen and found that low pH conditions (pH 6.5 and 6.8) like those found in the degenerating disc were detrimental in both scenarios. However, our data shows that 5% oxygen enhanced sGAG content even at the lower pH value of 6.8. To the best of our knowledge, this is the first study to demonstrate the beneficial effect of 5% oxygen with varying pH conditions on the capacity of stem cells to synthesize matrix. Any differences observed between the different pH values were only evident for those maintained in 5% oxygen with increased sGAG content concomitant with healthier pH conditions. These differences were not apparent for those maintained in 20% oxygen.
Chondrogenic differentiation of MSCs has been shown in the presence of members of the transforming growth factor (TGF)-β superfamily [18] [19] [20] [21] [22] [23] [24] [25] . The mechanism by which it promotes MSC differentiation consists of many pathways including the TGF-β, extracellularsignal regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) signalling pathways [26] [27] [28] [29] .
TGF-β3 is one isoform of the TGF-β super family of signalling molecules. Indeed, we have previously studied a combination of TGF-β3 and BMSCs encapsulated in an injectable hydrogel 30 and found that it stimulates proteoglycan production and increases collagen synthesis. This observation of TGF-β enhancing differentiation of MSCs to NP-like cells has also been reported in other studies 31, 32 Importantly, in this study we demonstrate that despite the fact that BMSCs are multipotent, exogenous growth factor supplementation is required for matrix synthesis in a simulated degenerative IVD environment with 10 ng/mL being the most effective dose, consistent with previous findings 34, 35 . This has major implications for stem cell based therapy with regards to ECM synthesis capacity and would require the concurrent delivery of growth factor with the regenerative cell population, with the challenge being the relatively short half-life of growth factors which may require serial injections within the clinical setting. Furthermore, regulatory approval of growth factors remains a critical barrier. Of note however, is that an initial dosage may be sufficient to initiate differentiation. For example, Buxton et al showed that an initial exposure to TGF-β followed by its withdrawal resulted in total collagen deposition equivalent to controls (continuous TGF-β exposure for at least 3 weeks) 36 .
Furthermore, proteoglycan content per construct was higher at 6 weeks after removal of TGF-β. Also, pre-treatment with TGF-β could prevent differentiated MSCs encapsulated in alginate beads from transdifferentiating into osteoblasts 37 . In light of this, the use of preconditioned or primed BMSCs for transplantation may be an alternative to the concurrent delivery of growth factors combined with cells. BMSCs, which are not committed or adapted to the unique microenvironmental conditions of the degenerating disc, may in fact be unsuited to the hostile environment of the diseased IVD. As such long term survival and integration within the disc may require pre-differentiation of these cells during the in vitro culture period towards a phenotype more representative of native IVD cells. This correlates with other studies, that unconditioned stem cells have a diminished probability of survival in the "harsh" conditions, i.e. low pH, low oxygen and low glucose concentration of the IVD 8, 9, 38, 39 . On the other hand, in a similar culture system, Ichimura et al found that the rate of proteoglycan synthesis in rat NP cells was similar between pH 6.6 and 7.6 7 . In this regard, compared with NP cells, which are well suited to the harsh IVD microenvironment, acidity change appears to be more detrimental to BMSCs. These differences may be attributed to disc cells possessing effective buffering and acid equivalent transport pathways to regulate intracellular pH 40 .
In conclusion, translation into a multimodal protocol requires the survival of injected 
